Double-barrier magnetic tunnel junctions with two MgO barriers and three CoFeB layers exhibiting tunneling magnetoresistance ͑TMR͒ values of more than 100% were fabricated. The bias voltage dependence of the TMR ratio is highly asymmetric after annealing at low temperatures, indicating dissimilar CoFeB / MgO interfaces. The TMR effect decays very slowly for positive bias and is only reduced to half of its maximum value at V 1/2 = 1.88 V when the junctions are processed at 200°C. The largest output voltage, 0.62 V, is obtained after annealing at 300°C, a temperature that combines high TMR ratios with a considerable asymmetric bias dependence.
Following the demonstration of large tunneling magnetoresistance ͑TMR͒ ratios and low resistance-area products in magnetic tunnel junctions with a crystalline MgO͑001͒ barrier, MgO is now considered as the key barrier material for next-generation device applications. Giant TMR ratios well above 100% at room temperature have been obtained with epitaxial Fe/ MgO / Fe junctions, 1-5 textured magnetic tunnel junctions ͑MTJs͒, 6 and CoFeB / MgO / CoFeB structures. [7] [8] [9] [10] [11] In the latter case, the MgO barrier grows with a highly oriented ͑001͒ texture on top of an amorphous CoFeB layer. A postdeposition annealing process then crystallizes the CoFeB electrodes, thereby creating the different Bloch state symmetries with dissimilar decay rates in the MgO barrier that are necessary for giant TMR values. 12, 13 In practical applications, MTJ structures are biased to increase the output voltage and decrease its signal-to-noise ratio. Electronic structure effects, magnon excitations, and spin-flip scattering on interface defects, however, reduce the TMR effect at elevated bias voltage and this limits the output signal of MTJ sensors and memory elements. A possible solution is to use double-barrier magnetic tunnel junctions ͑DMTJs͒ where the applied voltage is divided over two single junctions. Experimental studies on DMTJs with amorphous Al 2 O 3 barriers [14] [15] [16] and fully epitaxial Fe/ MgO double-barrier structures 17 have indeed confirmed a slower decay of the TMR ratio with bias voltage. In this letter, we demonstrate that high quality double-barrier junctions with crystalline MgO barriers and CoFeB electrodes can be fabricated by magnetron sputtering and postdeposition annealing. The bias voltage dependence of the TMR is asymmetric and depends strongly on the annealing temperature. These results can be used to engineer MTJs with high output signals.
The DMTJs consisting of a 5 Ta/50 Ru/5 Ta/5 NiFe/10 IrMn/2 CoFe/0.7 Ru/4 CoFeB/2.5 MgO/3 CoFeB/2.5 MgO/4 CoFeB/0.7 Ru/2 CoFe/10 IrMn/5 NiFe/5 Ta ͑thickness in nanometers͒ multilayer stack were grown by magnetron sputtering on thermally oxidized Si substrates in our Shamrock deposition tool. All metallic layers were deposited by dc sputtering and a Co 40 Fe 40 B 20 ͑at. %͒ alloy target was used for the ferromagnetic electrodes. The MgO barriers were fabricated by rf sputtering from two MgO targets in a targetfacing-target gun. After deposition, the multilayer stacks were patterned into 20ϫ 20 to 100ϫ 100 m 2 junctions by UV lithography and subsequently annealed for 90 min in vacuum at temperatures ranging from 200 to 375°C. During annealing a magnetic field of 0.8 T was applied to establish uniform exchange bias in the electrodes. 18 The structure of the layers in the DMTJ stack was characterized by x-ray diffraction. Whereas the MgO barriers already exhibit a clear ͑001͒ texture after deposition, the CoFeB electrodes were found to crystallize into a bcc͑001͒ structure upon annealing. The magnetic and magnetotransport properties of the DMTJs were measured using an alternating gradient force magnetometer ͑AGM͒ and a four-probe method where the polarity of the bias voltage is defined with respect to the top electrode. For comparison, single-barrier magnetic tunnel junctions ͑SMTJs͒ with a 5 Ta/50 Ru/5 Ta/5 NiFe/10 IrMn/2 CoFe/0.7 Ru/3 CoFeB/2.5 MgO/5 CoFeB/5 NiFe/5 Ta structure were also fabricated.
As-deposited DMTJs only exhibit a TMR of about 20%, which is due to a lack of bias in the bottom reference layer and the amorphous structure of the CoFeB electrodes in which the ⌬ 1 bands responsible for high TMR ratios are absent. After vacuum annealing at 325°C, the moments of the ferromagnetic layers reverse at distinctive applied magnetic fields. The AGM measurement of the continuous multilayer stack ͓Fig. 1͑a͔͒ indicates that the free CoFeB layer between the two MgO barriers switches in small applied fields and that the bottom and top CoFeB reference layers exhibit biases of 40 and 16 mT, respectively. The inactive layers in terms of magnetotransport reverse at positive applied magnetic fields. This, together with a crystallization of the CoFeB electrodes, results in a TMR effect of 105% at room temperature ͓Fig. 1͑b͔͒. The RA product of the DMTJ junctions is 5 ϫ 10 6 ⍀ m 2 , which is about twice the RA product of the SMTJ, indicating that electron transport in the DMTJ is characterized by sequential tunneling events and that the DMTJ structure can be regarded as a serial connection of two single tunnel junctions. In this tunneling regime, the TMR ratio of the DMTJ cannot exceed the largest TMR value of the two single barriers. 19 Sequential tunneling in our DMTJs is also confirmed by the temperature dependence of the TMR effect ͓see inset of Fig. 1͑b͔͒ . For the DMTJ, the TMR ratio increases from 105% at 300 K to 149% at 50 K. This behavior is qualitatively similar to that of the SMTJ exhibiting a TMR increase from 114% to 155%. A stronger TMR temperature dependence is only expected when electron transport in the middle ferromagnetic layer is phase coherent, something that is obviously not the case for the 3 nm thick CoFeB middle electrode in our stack. Figure 2 shows DMTJ TMR curves after annealing for 90 min at different temperatures ͑T A ͒. Well-separated switching of the magnetic moments is obtained for an annealing temperature of up to 350°C. In this range, the TMR ratio increases with annealing temperature due to a crystallization of the CoFeB electrodes into a bcc structure with a preferred ͑001͒ orientation. Annealing at 375°C leads to a breakdown of exchange bias and consequently to a drastic decrease of the TMR effect. As indicated by the minor TMR curves in the right panels of Fig. 2 , magnetization reversal in the free CoFeB layer is slightly shifted to negative applied fields and the magnitude of this offset depends on the annealing temperature. At T A = 200°C the offset amounts to −4.2 mT and it decrease to −2.8 mT after annealing at 350°C. The hysteresis loop shift, which is detrimental to practical applications, is predominantly due to Néel orange peel coupling between the CoFeB electrodes. 20, 21 This magnetostatic effect is associated with conformal roughness in the ferromagnetic electrodes and is generally found to be strongest for rough magnetic tunnel barrier interfaces. 22 The decrease of the coupling field in our DMTJ structures with increasing annealing temperature therefore suggests that annealing at elevated temperatures not only crystallizes the CoFeB electrodes but also smoothens the CoFeB / MgO interfaces.
The bias voltage dependence of the TMR in the DMTJ and SMTJ structures after annealing at 200 and 350°C is depicted in Fig. 3 . Annealing at a moderate temperature of 200°C results in an asymmetrical variation of the TMR ratio with applied bias. In addition, the bias voltages for which the TMR ratio is reduced to half of its maximum ͑±V 1/2 ͒ are considerably larger for DMTJs than for SMTJs, which is explained by a division of the applied voltage between two single barriers. The value of +V 1/2 = 1.88 V for the DMTJ structure is, to our knowledge, the largest value ever reported. The asymmetry in the TMR versus bias voltage reflects dissimilar CoFeB / MgO interfaces in the moderately annealed DMTJ stacks. For epitaxial Fe/ MgO / Fe junctions an asymmetry in the bias voltage dependence of the TMR ratio has also been found and this was attributed to different dislocation densities at the top and bottom Fe/ MgO interfaces and interfacial resonance states in the Fe minority spin band.
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Feng, van Dijken, and Coey Appl. Phys. Lett. 89, 162501 ͑2006͒ therefore most likely due to different structural defect densities at the CoFeB / MgO interfaces as a result of dissimilar crystallization rates in the CoFeB electrodes. This interpretation is supported by other experiments indicating a dependence of the crystallization process on CoFeB layer thickness and adjacent film structures. 10, 23 In addition to the asymmetry in the +V 1/2 and −V 1/2 values, the DMTJ and SMTJ also exhibit a shift of the TMR maximum to positive bias voltages of 10 and 4 mV, respectively. This offset reflects an initially larger increase of the tunneling conductance with positive applied bias for a parallel than for an antiparallel alignment of the magnetic moments.
The observed asymmetry and shift in the bias voltage dependence of the TMR gradually decrease with increasing annealing temperature ͓see Fig. 4͑a͔͒ . Annealing the DMTJ stack at 350°C results in a nearly symmetrical TMR versus bias voltage curve with −V 1/2 = −1.17 V and +V 1/2 = 1.10 V. These values are much larger than those for the SMTJ, and the fact that the DMTJ exhibits a small but inversed asymmetry with respect to the SMTJ suggests that the two MgO tunnel barriers in the DMTJ have opposite TMR-V dependences. From this we conclude that although small dissimilarities between the CoFeB / MgO interfaces do still exist, the quality of the CoFeB / MgO interfaces in terms of roughness, structural defects, and the degree of CoFeB crystallization improves considerably upon annealing at elevated temperatures. A reduction of the CoFeB / MgO interface roughness qualitatively agrees with the observed decrease of the Néel orange peel coupling between the CoFeB electrodes with increasing annealing temperature ͑Fig. 2͒.
For sensor and memory applications, the variation of the MTJ output voltage, V out = V ͑R AP − R P ͒ / R AP , is an important parameter. Figure 4͑b͒ summarizes the maximum output voltage as a function of annealing temperature. Unlike the TMR, the largest output voltage, V out,max = 0.62 V, is obtained after annealing at 300°C instead of 350°C. This difference is due to a slow decay of the ͑R AP − R P ͒ / R AP ratio with positive bias voltage at low annealing temperatures. The magnitude of the maximum output voltage of the DMTJ is larger than those reported for fully epitaxial Fe/ MgO / Fe single-1,4 and double-barrier junctions 17 as well as the V out,max obtained with CoFeB / MgO / CoFeB SMTJs. 7, [9] [10] [11] The data of Fig. 4 clearly show that a maximum output signal is obtained after annealing at a temperature for which the asymmetry in the bias voltage dependence of the TMR is still significant. This feature can be used to optimize the output voltage of MTJs in practical applications.
In summary, we have fabricated double-barrier MgO tunnel junctions with CoFeB electrodes. These structures are characterized by ͑1͒ large TMR ratios of more than 100% at room temperature, ͑2͒ a highly asymmetric bias voltage dependence of the TMR and a very large +V 1/2 value of 1.88 V after annealing at 200°C, ͑3͒ a gradual decrease of this asymmetry and a reduction of the Néel coupling between the CoFeB electrodes with increasing annealing temperature, and ͑4͒ a maximum output voltage of 0.62 V after annealing at 300°C, a temperature high enough for large TMR ratios but insufficient to remove the asymmetry from the bias dependence of the TMR effect.
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